ABSTRACT: Beginning in October 2000, subadult loggerhead sea turtles Caretta caretta showing clinical signs of a neurological disorder were found in waters off south Florida, USA. Histopathology indicated generalized and neurologic spirorchiidiasis. In loggerhead sea turtles (LST) with neurospirorchiidiasis, adult trematodes were found in the meninges of the brain and spinal cord of 7 and 3 affected turtles respectively, and multiple encephalic intravascular or perivascular eggs were associated with granulomatous or mixed leukocytic inflammation, vasculitis, edema, axonal degeneration and occasional necrosis. Adult spirorchiids were dissected from meningeal vessels of 2 of 11 LST brains and 1 of 10 spinal cords and were identified as Neospirorchis sp. Affected LST were evaluated for brevetoxins, ciguatoxins, saxitoxins, domoic acid and palytoxin. While tissues from 7 of 20 LST tested positive for brevetoxins, the levels were not considered to be in a range causing acute toxicosis. No known natural (algal blooms) or anthropogenic (pollutant spills) stressors co-occurred with the turtle mortality. While heavy metal toxicosis and organophosphate toxicosis were also investigated as possible causes, there was no evidence for their involvement. We speculate that the clinical signs and pathologic changes seen in the affected LST resulted from combined heavy spirorchiid parasitism and possible chronic exposure to a novel toxin present in the diet of LST.
INTRODUCTION
While a wide variety of infectious and noninfectious diseases have been reported in wild and captive sea turtles (George 1997) , little is known about the causes of neurologic disease in these animals. Despite published information on the performance of a neurologic examination in the green turtle (Chrisman et al. 1997) , the assessment of the central and peripheral nervous system may not be routinely performed when sick sea turtles are brought into rehabilitation facilities for treatment. Thus, neurologic disease in sea turtles may be under-diagnosed rather than being a rare occurrence.
Digenetic trematodes of the family Spirorchiidae utilize freshwater turtles and sea turtles as their definitive hosts, and are known to cause neurologic complications. At least 8 genera and 20 species of spirorchiids infect the loggerhead Caretta caretta, green Chelonia mydas and hawksbill Eretmochelys imbricata sea turtles (Lauckner 1985) , and are the most pathogenic of sea turtle parasites (George 1997) . Spirorchiids are vascular system generalists, with a preference for the heart and arterial system of their turtle hosts (Platt & Brooks 1997) . Adult parasites may cause endocarditis, arteritis and thrombosis of the blood vessels (Gordon et al. 1998 ). In addition to direct pathological effects induced by the adult parasite, eggs released within the vascular system may be transported to remote areas, such as the central nervous system (CNS), where they lodge in small vessels, often initiating a mild to severe granulomatous inflammatory response. The eggs can also migrate through blood vessel walls, causing tissue damage and inflammation in adjacent tissues (Gordon et al. 1998) . Spirorchiid parasitism may promote secondary gram-negative bacterial infections (Raidal et al. 1998) . Meningitis and encephalitis have been reported in green turtles and LST in response to parasitism by intravascular spirorchiid trematode eggs (Gordon et al. 1998) .
Approximately 40 marine and freshwater microalgal species are neurotoxic (Landsberg 2002) , and about 16 occur in Florida's aquatic systems (Steidinger 1993) . Globally, only a few of these microalgal toxins have been associated with acute marine animal mortalities (Landsberg 2002) . Of the neurotoxic microalgae affecting sea turtles in Florida, only brevetoxins from the red-tide dinoflagellate Karenia brevis have previously been implicated in their mortalities (Gunter et al. 1948, L. Flewelling & A. Foley unpubl.) .
Here we report an epidemic of a neurological disease in loggerhead sea turtles in coastal waters of southern Florida, USA. Clinical, neurological, pathologic, parasitological and toxicological findings are presented.
MATERIALS AND METHODS
Stranding data. Dead or debilitated LST were documented in the field by participants in Florida's Sea Turtle Stranding and Salvage Network (FLSTSSN) from 5 October 2000 to 24 March 2001. Some of the LST were found floating and others were found washed ashore. The FLSTSSN observers typically noted the location of the turtle, species, curved or straight-line carapace length (from the nuchal notch to the posterior marginal tip), curved or straight-line carapace width (at the widest point), and anomalies associated with the turtle (e.g. tumors, boat-related injuries, shark bites, entanglement, emaciation). State and federal coordinators of the FLSTSSN reviewed all reports.
Clinical findings. From October 2000 to March 2001, 35 LST (6 males, the remainder being either female or unsexed immature LST) with similar clinical signs and in a debilitated condition were admitted to the Turtle Hospital, Marathon, Florida. Each turtle received a thorough physical examination, and whole body radiographs were taken. At the time of arrival, blood was collected from each turtle and submitted to a commercial clinical pathology laboratory (Antech Diagnostics) for complete blood counts and determination of plasma biochemicals. Since the LST were too weak to hold their heads out of water, and in order to prevent drowning, all LST were housed indoors in individual dry pools. The temperature was maintained at approximately 26°C. The LST were force-fed and received oral fluids, and were administered a variety of drugs including antimicrobials, antihistamines, steroids and anthelminthics. Since organophosphate toxicosis was considered in the differential diagnosis, the last 6 LST arriving at the Turtle Hospital were treated with atropine (0.1 to 0.2 mg kg -1 intramuscular [IM] ; Phoenix Scientific) and pralidoxichloride (Protopam Chloride, 1 g 49 kg -1 IM; Wyeth-Ayerst). Upon arrival at the Turtle Hospital, the weight and straight carapace length (SCL) of affected LST were determined. The weights of the affected LST (33.8 to 109.6 kg) were expressed as a function of their SCL (64.7 to 101 cm), and a linear regression was derived. This was compared to a linear regression of the weight (22 to 114 kg) and SCL (48.9 to 94.8 cm) of 50 clinically healthy LST captured prior to October 2000 during a long-term in-water study of LST in south Florida. The slope and elevation of the 2 regression lines were compared using a Student's t-test (Zar 1984) .
Neurological and electrophysiological examination. We evaluated 3 affected and 1 normal LST at the Veterinary Medical Teaching Hospital, University of Florida. Neurological examination included an evaluation of the integrity of the cranial and peripheral nerves (Chrisman et al. 1997) . Electromyography and measurement of motor nerve conduction velocities were also performed as previously described for small animals (Chrisman 1991) .
Pathology. Of the affected LST that died, 18 (ranging in weight from 33.8 to 125.5 kg and with an SCL of 64.7 to 97 cm) were necropsied. During necropsy, organs were generally removed en bloc, and the brain was extracted from the skull. Following removal of the brain, the head was sectioned longitudinally along the mid-line for examination of the nasal cavity. The spinal cord was removed using a band saw and rotating necropsy saw. Of the 18 affected LST that were necropsied, a portion of the brain of 11 was examined for spirorchiid trematode eggs and adults using a stereoscope with an 8× to 40× viewing magnification. Spinal cords of 10 affected LST were similarly examined. The presence and relative densities of eggs and adult spirorchiids were noted. Eggs were removed, placed in wet mounts on glass slides, and examined using a light microscope. Efforts were made to remove adult parasites from blood vessels using fine insect-pin probes, jeweler's forceps and iridectomy scalpel blades.
Tissue sections from all major organ systems were fixed in 10% neutral-buffered formalin (NBF) for 24 to 48 h, embedded in paraffin, sectioned at 5 to 6 µm, and stained with hematoxylin and eosin and as necessary, with a variety of stains for bacteria, fungi, myelin and collagen. The gastrointestinal contents of 18 LST were collected and examined for identification of food items.
Central nervous system (CNS) tissues from the 18 affected LST were compared with archived samples of the CNS of 14 LST (control group) that were necropsied from 1997 to 2001 and had died from other causes. While some of the control LST were from counties on the east and west coast of Florida that overlapped with the range of the affected group, others were from counties north of the area having affected LST. Using blind examination, each microscopic slide of the CNS from all LST was randomly given a unique number and graded individually for the presence of adult spirorchiid trematode eggs. The following criteria were used to grade trematode burdens: Grade 0, no trematodes; Grade 1, rare to small numbers of trematode eggs within brain/spinal cord parenchyma and/or meninges; Grade 2, moderate numbers of trematode eggs within brain/spinal cord parenchyma and/or meninges; Grade 3, large numbers and/or large clusters of trematode eggs within brain/spinal cord parenchyma and/or meninges. When there was a discrepancy in grades between slides from the same individual, the higher score was assigned. Brain and spinal cord grades, however, were assigned separately. In addition, it was noted if there were trematode adults present in examined sections. Of the collected cases, brain sections from 18 affected LST and 13 control turtles and spinal cord from 16 affected LST and four control turtles were available for examination.
Muscle histopathology and histochemistry. Fresh frozen-muscle specimens from various thoracic and pelvic limb muscles (76 specimens from 21 affected turtles) were evaluated. Frozen sections (8 µm) were prepared and stained with hematoxylin and eosin, modified Gomori trichrome, periodic acid-Schiff and hematoxylin, and oil red O, or incubated and stained for the histochemical localization of nicotinamide adenine dinucleiotide dehydrodgenase, myofibrillar adenosine triphosphatase, acid phosphatase, esterase and peroxidase according to standard methodologies (Dubowitz 1985) . Muscle tissue fixed in NBF was also processed for light microscopy.
Peripheral nerve histopathology, morphometry and electron microscopy. Ulnar and sciatic nerve specimens from 21 affected LST were collected under anesthesia or at necropsy. Control specimens were obtained from 6 LST that had died of unrelated traumatic injuries. Nerve specimens were shipped in NBF, Trump's solution or 2.5% glutaraldehyde in phosphate buffer, and fixed muscle specimens in NBF. Subsequently, specimens for transmission electron microscopy were rinsed in phosphate buffer and postfixed in 1% phosphate-buffered osmium tetroxide for 3 to 4 h before dehydration, using a series of graded alcohols and propylene oxide. After infiltration with a 1:1 mixture of propylene oxide and araldite for 4 h, nerves were placed in 100% araldite overnight before embedding in fresh araldite resin. Thick sections (1 µm) were cut with glass knives and stained with toluidine blue prior to light microscope examination. Thin sections (60 to 90 nm) from 3 affected turtles were stained with uranyl acetate and lead citrate before examination in a Zeiss 10 electron microscope operating at 80 keV.
Computer-assisted analyses of axonal sizefrequency distributions of myelinated fibers were performed on 7 sciatic nerves from affected turtles and 5 nerves from unaffected control turtles that were wellfixed and free from major artifact. For each nerve, a single thick section was analyzed as described previously (Mizisin et al. 1998) . Briefly, a video image was obtained with an Olympus BH-2 light microscope and Cohu 5000-series television camera interfaced with a Macintosh Quadra 850AV computer running NIH Image 1.55 software. Myelinated fibers with axons greater than 1 µm in diameter were individually identified and selected prior to sorting with an automated process into bins based on axonal diameter. Prior to and during analysis, video images of myelinated fibers were checked against the light microscope images in order to assess axonal integrity and ensure that only internodal profiles were sampled. Axons of myelinated fibers with profiles including the Schwann cell nucleus or paranode were not analyzed. In each case, the whole fascicle was systematically sampled with nonoverlapping fields, resulting in samples from at least 50% of the total myelinated fibers of each nerve. The number of myelinated fibers per nerve was counted directly from glass slides using a Jenaval 250-CF light microscope and camera lucida attachment. The data were analyzed with an unpaired t-test. In cases where data were not normally distributed or when variances were unequal, data were analyzed with a Mann-Whitney U-test.
Cholinesterase assay. Plasma samples were collected from 13 affected LST for determination of cholinesterase. For comparison, plasma was also obtained from 14 clinically healthy captive LST in Florida and North Carolina. All samples were heparinized on collection, and plasma was immediately removed and shipped on dry ice to the University of Florida where they were stored at -80°C until analyzed. Cholinesterase levels were determined in duplicate for each turtle according to the instructions of a commercially available immunoassay (Sigma Diagnostics, Procedure No. 420 Tissue samples were homogenized, weighed and pre-digested in nitric acid and hydrogen peroxide for all metals except total Hg, which was digested in a warmed solution of concentrated sulfuric and nitric acids with potassium permanganate followed by an addition of potassium persulfate. Analysis for Al, As, Cd, Cr, Cu, Fe, Pb, Mn, Hg, Mo, Ni, Se, Ag, Tl,and Zn was by inductively-coupled plasma-atomic emission spectroscopy (SW 6010, EPA 220.7; US EPA 1996 (FWRI) . Samples were extracted twice in 100% acetone (1:2 w/v). The pooled acetone extracts were evaporated to dryness, redissolved in 80% methanol, and partitioned twice with hexane. The methanol fraction was then evaporated to dryness and redissolved in 100% methanol. Urine samples were clarified by centrifugation and extracted with C18 solid-phase extraction columns (1 g; SupelcoDiscovery, Sigma-Aldrich). The livers of 7 turtles were also tested for saxitoxin (FWRI). Samples were extracted using 0.1 N HCl, adjusted to pH 2.5 to 4, boiled for 5 min in a boiling water bath, and then centrifuged at 3000 ×g for 10 min.
Competitive ELISA assays to detect brevetoxins (PbTx) were performed according to Naar et al. (2002) . This assay recognizes all congeners and metabolites of brevetoxin that have a PbTx-2-type backbone. The lower limit of quantification was 5 ng g -1 of tissue (5 ng ml -1 for urine). Receptorbinding assays were performed according to Van Dolah et al. (1994) to detect brevetoxins and/or ciguatoxins. This assay detects anything that binds to Site 5 on the voltage-dependent sodium channel, and so would detect ciguatoxins as well as brevetoxins. The lower limit of quantification was approximately 30 ng g -1 of tissue (30 ng ml -1 for urine). Tissue samples were also tested for brevetoxin (North Carolina State University, Raleigh) using micellar electrokinetic capillary chromatography with laser-induced fluorescence detection (MEKC-LIF; Shea 1997). Extracts were also analyzed for okadaic acid (and other protein phosphatase inhibitors) using a colorimetric protein-phosphatase inhibition assay modified from Tubaro et al. (1996) . Portions of stomach contents and urine samples were screened for domoic acid and palytoxin (NOAA). Receptor-binding assays were performed according to Van Dolah et al. (1994) to detect domoic acid, and a modified hemolysis assay was used to screen for palytoxin). Extracts of liver were tested for saxitoxin using a previously described, direct ELISA, with a lower limit of quantification of 10 ng g -1 (Usleber et al, 1991) . Environmental data. Environmental and harmful algal bloom data were reviewed for incidental water samples collected by FWRI from south Florida.
RESULTS

Stranding data
From October 2000 to March 2001, 49 live, debilitated LST were found throughout coastal waters of southern Florida, from Manatee County on the west coast to Palm Beach County on the east coast ( Fig. 1) . Most (34) were found in the Florida Keys (Monroe County). More than 75% of the affected LST were found from November 2000 to January 2001; 39 of a total of 49). The 10 cm size class distribution of affected LST was not different from that of stranded LST in south Florida during the last decade (Fig. 2) . However, the number of dead and debilitated LST found during the epizootic (189) was almost 6 times greater than the average number (33) found in south Florida from October through March of each year during the last decade (Fig. 3) .
Clinical findings
Affected LST weighed less then similar-sized clinically healthy LST captured in south Florida (Fig. 4) . The major clinical sign observed in the 35 live, debilitated LST submitted to the Turtle Hospital was varying degrees of paresis. The severely affected turtles were unable to move voluntarily, had no corneal, palpebral or menace response, and no swallowing or gag reflex. Deep pain was absent peripherally (distal fore-and pelvic-limbs), but was present proximally (proximal to the humerus-radius-ulnar joint, the femur-tibia-fibula joint, and on the lateral aspects of the cervical region). Major hematologic and plasma biochemical findings were compared to published hematologic (Bradley et al. 1998) 1 0 -1 9 . 9 2 0 -2 9 . 9 3 0 -3 9 . 9 4 0 -4 9 . 9 5 0 -5 9 . 9 6 0 -6 9 . 9 7 0 -7 9 . 9 8 0 -8 9 . 9 9 0 -9 9 . October- March, 1990 -1999 October 2000 -March 2001 Curved carapace length (cm) ). Following atropine administration, the heart rate increased to 18 to 26 beats min -1
. Atropine was administered twice a day (every 12 h) to maintain this heart rate.
Of the 35 LST brought to the Turtle Hospital and treated with a variety of medicants, 31 died. Of the last LST that were admitted to the Turtle Hospital, 4 were released after 5 to 6 mo of rehabilitation; 3 received atropine.
Neurologic examination
We submitted 3 affected LST to neurological examination. Of these, 2 had clinical signs including depressed mentation, an absent menace-response bilaterally, minimal eye movements and an absent palpebral reflex, reduced jaw tone, inability to chew or swallow, loss of neck retraction and muscle tone, slight to no response to neck superficial nociceptive stimuli, absent limb movements and decreased muscle tone, absent flexor reflexes in all 4 limbs, diminished tail and cloacal reflexes, and no response to sensory stimuli along the carapace or plastron. The third affected LST was recovering and, although very weak, had bilateral palpebral reflexes, reduced but detectable neck retraction, and observable limb movements. Flexor reflexes remained depressed. A righting response could not be elicited in any of the turtles when they were laid on their carapace (dorsal recumbency).
Electromyography, performed in the absence of anesthesia, revealed prolonged insertional activity with an absence of positive sharp waves and fibrillation potentials. Motor unit action potentials, usually found on electromyography in unanesthetized individuals, were rarely identified. An evoked muscle response to stimulation of the sciatic nerve was absent bilaterally. Since an evoked muscle response could not be obtained, motor nerve conduction velocity (MNCV) could not be measured. Of particular note, there was no limb movement or behavior suggesting discomfort during electrophysiological testing in the unanesthetized turtles. A normal LST had an evoked muscle response and MNCV of 48.8 m s -1 .
Pathology
The 18 necropsied LST were at rehabilitation facilities for periods ranging from 1 to 65 d (mean of 29.8 d). Despite being force-fed, those turtles that remained alive for several weeks and subsequently died showed muscle atrophy and, at necropsy, had serous atrophy of fat. The gastrointestinal contents of the necrospied LST were collected and examined, and contained little solid material. No mollusk remains were found, and crustacean remains were found in only 3 LST (a single Squilla sp. in 1 LST, pieces of a single small crab in the second LST, and a small portunid crab in the third LST). Crustacean exoskeletons or molluscan shells were not found in the small amount of feces produced while in the rehabilitation facility. Cnidarians and poriferans were better represented in gastrointestinal contents, with many containing nematocysts (n = 14), jelly-like flesh (n = 11: some could have been from ctenophores), or spicules (n = 8: one also with pieces of sponge). The sex of affected LST was determined at necropsy to be 2 males and 16 females.
At the beginning of the epizootic, necropsied LST were in fair to good physical condition, with moderate to abundant fat stores, and a prominent paired thymus. Toward the latter part of the epizootic, necropsied LST showed loss of fat stores and muscle mass, and sunken plastrons, and the epibiotic (barnacles) and green and brown algal growth was greater than that seen in healthy turtles. The eyes were markedly sunken within their orbits. Areas of skin within the axillary and inguinal regions were sometimes mottled pink-to-red. The carapace contained locally extensive areas of scaling and crusting that could be peeled off easily. The thymus was approximately 25% of the expected size. The corneas of some LST were cloudy and associated with a fibrin plaque on the epithelial surface. Gross lesions seen in the digestive tract included esophageal dilatation and focal 1 to 3 cm diameter tan to dark brown, raised fibrinous plaques on the mucosa surface of the oropharynx, esophagus, stomach and intestine. In 3 turtles, the trachea was lined with a yellow/green to grey/tan friable, rubbery membrane that almost entirely occluded the tracheal lumen in multiple areas. The meninges of the brain in 1 LST was diffusely reddened. A dissecting microscope revealed numerous, minimally raised, tan to black 1 to 4 mm diameter nodules on the meningeal surfaces of the brain (11 of 11) and spinal cord (10 of 10) of affected LST (Fig. 5) . Then nodules consisted of 40 to 53 × 32 to 38 µm-diameter, dark brown, ellipsoidal, spirorchiid trematode eggs consistent with those of Neospirorchis sp. (Price 1934 , Manter & Larson 1950 , Wolke et al. 1982 (Fig. 6) . Their relative numbers ranged from scattered single eggs in vessels to masses of eggs probably numbering thousands. We dissected 1 or more 2 cm, threadlike, transparent adult spirorchiids with black internal viscera and dark serpentine gastrointestinal tracts from meningeal vessels of 2 of 11 LST brains and 1 of 10 spinal cords; they were and identified as Neospirorchis sp. (Price 1934 , Manter & Larson 1950 . While adult Carettacola sp. were recovered from visceral vessels in 2 of the affected LST, neither adults nor their eggs were recovered from CNS tissues.
Histologically, all 18 LST had spirorchiid trematode eggs in their brain (Table 1) . While spirorchiid eggs were not counted in the CNS of each turtle to determine numbers g -1 tissue, affected turtles tended to have more eggs per tissue section than the archived CNS samples of the control group. Of the affected LST, 6 were categorized as Grade 1, 8 as Grade 2, and 4 as Grade 3. Of the control LST, 3 were Grade 0, 9 were Grade 1, and 1 was Grade 2; none were Grade 3. Spirorchiid eggs measuring 46 to 53 µm, oval to globular to hollow, and with a hyaline tan to yellow/brown wall, were present within or adjacent to capillaries in white and gray matter of the brain. Multifocally, the eggs were often encompassed by granulomas comprised of multinucleated giant cells (Fig. 7) . Eggs and small granulomas were also scattered throughout the meninges (Fig. 8) . Elsewhere, there were perivascular aggregates of macrophages with cytoplasmic, refractile, pale-tan granules (egg fragments). In some areas of the white matter, there was marked gliosis with frequent satellitosis. Increased numbers of mononuclear cells were present in the Virchow-Robins' spaces of multiple capillaries. In addition, multiple capillaries within the meninges of the brain of 7 LST contained cross sections through spirorchiid trematodes (Fig. 9) . Associated with these parasites, were mild to moderate multifocal infiltrates of lymphocytes in the meninges, often accompanied by fibrosis and mineralization; the meningeal space was multifocally widened by edema fluid. Only 1 of 13 control LST had adult spirorchiid trematodes in the meninges of the brain.
Of 18 affected LST, 15 had spirorchiid eggs in the spinal cord. Of these, 9 were Grade 1, 5 were Grade 2 and 1 was Grade 3. Only 1 of 4 control LST had spirorchiid eggs (Grade 1) in the spinal cord. Adult spirorchiids were seen in the spinal cord meninges of 3 affected LST. No adult spirorchiids were seen in the meninges of the spinal cord of 4 control LST.
A variety of additional lesions affecting multiple organs also were found and are listed in Table 1 .
Muscle histology and histochemistry
Pathological changes in paraffin-embedded muscle specimens included vasculitis (2), thrombosis (1) and spirochiid eggs (2). In a few turtles, there were dark Scale bar = 25 µm red foci comprised of degenerate, necrotic or atrophied muscle fibers encompassed by a mixed infiltrate of heterophils, macrophages and lymphocytes. Within the frozen muscle biopsy sections, the myofiber size of affected LST was similar to that of controls; no obvious neurogenic atrophy was seen. Compared to control individuals, no abnormalities were found in any of the histochemical stains and reactions.
Peripheral nerve histology, morphometry and electron microscopy
Paraffin sections of sciatic nerve, brachial plexus, optic chiasm and cranial nerves were examined in 14 of the 18 turtles with neurospirorchiidiasis. Pathological changes were most prominent within the epineurium, and included mild to focally moderate infiltrates of lymphocytes, sometimes centering on capillaries. Occasional trematode eggs, sometimes within a granuloma, were present in capillaries.
The predominant abnormality identified within resin-embedded peripheral nerve specimens from affected LST was demyelination (Fig. 10A,B) . Occasional myelinated fibers with inappropriately thin sheaths were also evident, suggestive of remyelination. Axonal degeneration was not observed. Additionally, subperineural edema was evident in nerves from 4 of 7 affected LST. Morphometric analysis demonstrated that myelinated nerve-fiber density was not significantly different between nerves from affected turtles and unaffected controls; however, there was a significant decrease in the mean axonal diameter (p < 0.02), and a shift in the population of fibers to smaller diameters with a significant reduction in numbers of larger-diameter fibers (p < 0.02; Table 2 ). Ultrastructural examination was also consistent with a demyelinating neuropathy (Fig. 10C,D) .
Cholinesterase assay
Plasma cholinesterase activity was determined for healthy captive LST and for LST impacted by the mortality event. For the healthy individuals (n = 12), the mean activity was 30.20 Rapp U ml -1 with a median of 30.74 Rapp U ml -1 (± 6.90 SD). The values ranged from a minimum of 18.10 to a maximum of 43.60 Rapp U ml 13), the mean activity was 28.37 Rapp U ml -1 with a median of 29.97 Rapp U ml -1 (± 5.10 SD). The values ranged from a minimum of 15.80 to a maximum of 35.25 Rapp U ml -1 ; 2 samples from apparently healthy LST gave activities below the assay quantitation limit (10 Rapp U ml -1 ). Because of the reported health of the turtles and to the relative ease with which cholinesterase may be inactivated (elevated temperature or chemical exposure), these sample values were excluded from the data set. These assay results showed no significant difference between blood cholinesterase levels of normal and affected LST.
Heavy metals
Of the 15 metals assayed, 8 (As, Cd, Cu, Fe, Mn, Se, Zn, Hg) were present in both liver and kidney at detectable levels for all LST (Table 3 ). The average (± SD) percentage moisture was 72.00 ± 7.14 for liver and 78.78 ± 4.55 for kidney tissues.
As expected, the averaged concentrations for all but As, Cd and Tl were lower in the kidney than in the liver; these trends, however, did not hold consistently when tissues of individual turtles were considered. Typically, higher levels of As, Cd and Pb are expected in the kidney than in the liver, but in 2 turtles this trend was reversed (for all metals in one turtle, and for As alone in the other). Cu, Fe and Se followed the expected trends (highest concentration in the liver), and were quantified in all tissue samples. In contrast, Cr, Mn, Zn and Hg each were generally found at higher levels in the liver than in the kidney, except in the tissues of a few specific individuals. Although Ag, Al, Mo and Ni were not often detected in this set of samples, all were present in the tissues of a single LST, with a second having Ag, Mo and Ni at quantifiable levels and 2 others having Al. Tl, not detectable in the liver, was quantified in 6 of 9 renal samples.
Micoalgal toxicology
Of the 20 loggerheads analyzed, 7 tested positive for brevetoxins by competitive ELISA. In 3 of these, more than 1 tissue type was positive. Values ranged from 3.6 to 26.5 ng g -1 (Table 4 ). The majority of positive samples were from the liver and stomach contents (Fig. 11) . Samples showed negative for microalgal toxins by all other methods. The levels of PbTx found by ELISA were below the detection limit for the receptor-binding assay. Because CTX also binds to the same Site 5 channel in the receptor-binding assay, this assay was also negative for CTX. No PbTx were detected by MEKC-LIF, however that method is specific for PbTx-2, PbTx-3, cysteinyl PbTx-3 and oxidized cysteinyl PbTx-3. The competitive ELISA may be detecting other PbTx metabolites. 
Environmental data
Satellite-imagery data indicated increased chlorophyll levels, that were verified in water samples as the red-tide organisms Karenia brevis and K. papilionacea (FWRI data posted at www.floridamarine.org) in the vicinity of the Marquesas/lower Florida Keys area during the period of loggerhead mortality. High cell concentrations were found during January and February 2001. However, there was no relationship between the distribution of PbTx in LST tissues, stranding locations, and the distribution of the red tide.
DISCUSSION
The number of dead or debilitated LST found during the epizootic was considered a minimum value, since not all affected LST would have been discovered, reported and documented. Additionally, because debilitated LST and carcasses may be transported long distances by currents (Epperly et al. 1996) , their locations at the time of discovery may not represent the location of LST at the time of death or debilitation. However, given the observation that many of the LST appeared to be acutely debilitated, we believe the distribution of stranded LST roughly identified the area of the epizootic.
There were 189 stranded LST documented in south Florida (Palm Beach County through Manatee County) during the epizootic, a much greater number than the previous 10 yr-average for the same time and place (yearly mean = 33). After determining that no other unusual mortality factors appeared to have occurred during the epizootic, we estimated that 156 (189 minus 33) of the strandings were probably attributable to the epizootic. Furthermore, the stranded LST may represent as little as 7% of the at-sea mortality of sea turtles (Epperly et al. 1996) . Extrapolating this data, we estimated the overall mortality associated with the epizootic to be anywhere between 156 to 2229 turtles. During the 2 yr (April 2001 to March 2003 following the main period of the epizootic, 14 debilitated LST were found with signs of neurological disease similar to that seen during the epizootic (Table 5 ). In August and September 2004, 4 cases were seen by one of us (C. Manire). The new cases were confined to the same general area of south Florida and most occurred at a similar time of the year.
Affected LST were brought into a rehabilitation facility, where they were weighed and their SCL measured. When the body weights were expressed as a function of their SCL and compared to the same parameters for healthy LST, the affected LST were found to weigh less then similar-sized, clinically healthy LST. This indicated that the affected turtles had not been feeding for a period of time before being found. While we do not have scientific data to calculate the rate of weight loss 149 Unaffected 5998 ± 2291 4.65 ± 0.70 25.9 ± 9.4 59.4 ± 6.0 14.7 ± 8.3 Affected 5037 ± 2424 3.61 ± 0.60 42.8 ± 15.9 52.4 ± 13.3 4.9 ± 3.4 ns p < 0.02 ns ns p < 0.02 in a turtle that is not feeding, we feel that the turtles had probably not been feeding for 1 or more weeks. Light microscope evaluation of the brain, spinal cord and peripheral nerves of 18 affected LST revealed intralesional spirorchiid eggs in the brain of all 18, in the spinal cord of 15, and in the peripheral nerves of 8. Burdens appeared to be higher in the affected LST than in a control group of LST that were necropsied either before the epizootic, or at the same time, north of the epizootic. Adult spirorchiids dissected from meningeal vessels of the brains of 2 affected LST and spinal cord of 1 affected LST were identified as Neospirorchis sp. (Price 1934 , Manter & Larson 1950 . In LST, spirorchiidiasis was previously reported in 14 of 43 stranded turtles that were necropsied (Wolke et al. 1982) . In that previous report, while multiple tissues contained up to 3 types of eggs, none were identified in the brain of 5 turtles that were examined. In a report involving a single green turtle in Australia, trematodes were found in meningeal vessels (Glazebrook & Campbell 1981) . While eggs were released into blood vessels supplying the brain, no inflammatory response was observed. The turtle was found in a debilitated, listless and weakened condition at sea, with severe muscle atrophy and orbital ocular recession, but no other clinical signs were reported. In a more recent study involving 96 green turtles, trematode eggs were seen in every organ examined, including the brain (Gordon et al. 1998) . While light microscopy revealed trematodes in the meninges of 53 of 72 (74%) green turtles, they were rarely associated with severe lesions. The meningeal lesions were considered severe in a single green turtle that had a hemorrhagic mass in the dorsal cranial cavity. Unfortunately the clinical appearance of this and other live turtles in the study were not correlated with lesions. Still, spirorchiid infections were considered the principal cause of mortality in 10 green turtles and contributed to the severe lesions seen in another 29 turtles (Gordon et al. 1998) . In painted turtles Chrysemys picta picta experimentally infected with Spirorchis parvus, 1 turtle developed hemiplegia (Holliman et al. 1971) . The left side of the 4th ventricle of this turtle had adult flukes and was necrotic. In the LST of the current epizootic, all 18 necropsied turtles had intralesional spirorchiid flukes or eggs in the CNS; eggs also were seen in peripheral nerves; 12 of the necropsied LST had moderate to large numbers of trematode eggs in the CNS. Based on the light microscope lesions that were associated with adult spirorchiids and their eggs in the brains of affected LST, their presence in the CNS could have contributed to the neurologic disease seen in these turtles. As in other reports (Wolke et al. 1982 , Gordon et al. 1998 , in the LST in the present study, spirorchiid eggs were present in all visceral organs, often surrounded by granulomatous inflammation. Severe tracheitis and pneumonia in 1 of 18 necropsied LST in the current report was considered to be the cause of death. This turtle may have aspirated seawater or refluxed gastric contents secondary to the neurologic disease. While thrombosis was common in green turtles in Australia with spirorchiidiasis (Gordon et al. 1998) , it was not a prominent feature of the disease in the LST of the current report.
Schistosomiasis remains one of the most prevalent parasitic infections in the world, affecting approximately 200 million people in 74 countries (WHO 1993) , where they are responsible for considerable morbidity and mortality (Platt & Brooks 1997) . While schistosomes are dioecious, and all but 1 are venous specialists, spirorchiids are monecious and are vascular generalists, with a preference for the heart, great blood vessels and arteries. The 3 major human schistosomes, Schistosoma mansoni, S. haematobium and S. japonicum, can infect the CNS, and lesions seen in humans with neuroschistosomiasis (Pitella 1997) show many similarities to the lesions of neurospirorchiidiasis identified in the recent outbreak of LST. While considered rare, the human disease, in certain ways, may serve as a model for understanding the nature of the disease in sea turtles. In human schistosomiasis, CNS involvement is caused by ectopic deposition of eggs. Eggs and adult parasites are located in the venous system of humans, and thus must enter the CNS against the flow of blood. It is believed that these parasites and their eggs gain access to the spinal cord through avalvular anastomotic veins in the pelvic vertebral region or to the brain via pulmonary arteriovenous shunts (Scrimgeour & Gajdusek 1985) . Since adult spirorchiids are in the arterial system of turtles, both adult flukes and their eggs have easier access to the CNS, being able to travel directly to the brain through the cranial arterial system. This probably accounts for the large numbers of eggs and adult parasites seen in the brains of these turtles. While LST were infected with other genera of spirorochiids, only Neospirorchis sp. was identified in the brain. In a study in Australia, only N. schistosomatoides was identified in the brain of green turtles, even though Hapalotrema mehrai and H. postorchis were identified in the heart and great vessels (Gordon et al. 1998) .
Myeloradiculopathy with paraplegia, lower limb weakness and pain has been reported in a number of human cases with spinal cord schistosomiasis (Scrimgeour & Gajdusek 1985 , Nobre et al. 2001 . Acute tetraparesis (Junker et al. 2001 ) and a peripheral polyneuropathy (Mostafa et al. 1972 ) also have been reported in human schistosomiasis. In contrast to LST with neurospirorchiidiasis, clinically significant granulomas rarely develop in the brain of humans with neuroschistosomiasis (Scrimgeour & Gajdusek 1985) .
Neurologic examination of several affected LST supported a diagnosis of neuromuscular transmission blockade, and electron microscopy of brachial and sciatic nerves revealed demyelination. While inflammatory changes associated with adult spirorchiids and their eggs were seen in the CNS, we do not know if clinical signs and changes in peripheral nerves can be totally explained by the presence of these parasites and/or their eggs. There are no previous reports of a neurologic disease in LST caused by spirorchiid trematodes in the central nervous system. Quadriplegia with loss of limb spinal reflexes, muscle tone and palpebral reflexes is most often due to a motor polyneuropathy or blockade of neuromuscular transmission involving spinal and cranial nerves (Chrisman et al. 2003) . The loss of response to sensory stimuli in the affected LST could be associated with a concurrent sensory polyneuropathy affecting spinal and cranial nerves or an associated spinal cord and cerebral disorder. The severe depression of affected turtles could have resulted from their generalized cachexia or a concurrent cerebrum or brainstem lesion as a result of spirochiid infection.
On electrophysiological examination, the absence of positive sharp waves or fibrillation potentials with a relatively normal insertional activity excluded a peripheral axonopathy as a likely cause of the neurological disease in the LST. The absence of neurogenic atrophy in fresh, frozen muscle biopsy sections in any of the affected LST supported this assessment. The absence of observable, voluntary, motor unit action potentials in unanesthetized individuals and the lack of response to electrical stimulation of the sciatic nerve associated with the absence of insertional activity abnormalities indicated that affected turtles had either a primary demyelinating polyneuropathy sparing the axons or a neuromuscular transmission blockade (Chrisman et al. 2003) . A demyelinating polyneuropathy could explain both the motor and sensory abnormalities detected in the neurologic examination.
Biospsy specimens of plastic embedded peripheral nerve from affected turtles were evaluated and con-firmed demyelination. Morphometric evaluation demonstrated that the density of myelinated nerve fibers was not significantly different from that of controls, consistent with an absence of axonal degeneration. Subperineural edema was evident in nerve biopsies from affected LST, suggesting a toxic, metabolic or inflammatory abnormality. A classical example of a toxic disorder causing a segmental demyelinating neuropathy and subperineural edema is lead intoxication. (Dyck et al. 1993) . Lead levels, however, were evaluated in affected turtles and were found to be in normal ranges for all but 2 turtles. While a concurrent blockade of neuromuscular transmission cannot be ruled out, a junctionopathy alone would not result in demyelination of peripheral nerves. Toxic neuromuscular junction blockade has been seen with tick toxin, coral snake envenomation, botulism, curare, and other drugs in dogs and cats (Braund et al. 1996 , Chrisman et al. 1996 , 2003 and with toxic extracts and purified borbotoxins from the marine benthic dinoflagellate Prorocentrum borbonicum in mice (Ten-Hage et al. 2002) .
Although spirochiid infection is common in sea turtles and may produce neurologic signs referable to lesions in the brain and spinal cord, a secondary polyneuropathy has not been previously observed or reported in sea turtles. As previously mentioned, acute tetraparesis (Junker et al. 2001 ) and a peripheral polyneuropathy (Mostafa et al. 1972 ) have been reported in human schistosomiasis. One hallmark of inflammatory demyelinating disorders in humans is the onset of a symmetric polyradiculoneuropathy, often following an upper respiratory infection or receipt of a foreign antigen (Dyck et al. 1993) . Certainly the LST had evidence of inflammation although, if there was an aberrant immune response, the trigger was not clear. In dogs and cats, chronic inflammatory demyelinating polyneuropathies are thought to be associated with immune mediated disease (Dyck et al. 1993) . However, the inflammatory response was directed toward the spirorchiid parasites rather then myelin. Another hallmark of inflammatory demyelinating disorders is edema, particularly around capillaries and beneath the perineurium. Subperineural edema was identified in 4 of 7 affected LST. While inflammation was not a feature of the LST nerve or muscle specimens, an inflammatory response may have had a focal or multifocal distribution and could have been missed, since all parts of the peripheral nerve including nerve roots and supporting structures were not evaluated.
Given that the preliminary neurological findings for affected LST in the Florida epizootic indicated a polyneuropathy, demyelination and/or neuromuscular junction blockade, a harmful algal bloom (HAB) biotoxin was considered in the differential diagnosis. While HAB in Florida are commonly caused by the red-tide organism Karenia brevis (Steidinger 1993) , except for a report of a brown pelican mortality (T. Wilmers pers. comm.) that overlapped with the loggerhead sea turtle epizootic, there were no concurrent mortalities of other aquatic species that would typically occur after exposure to K. brevis brevetoxin (PbTx). The concentration of K. brevis in the Florida Keys area during months of the epizootic (F. Truby pers. comm. FWRI data posted at www.floridamarine.org) were considered below that seen in a typical red-tide event.
Even though PbTx were found in some LST, the values were not considered to be particularly high. Given the almost yearly presence of Florida red tide along the west coast of Florida and the likely exposure of LST to PbTx, there is no clear evidence to support PbTx as the single cause of the neurologic disease.
By light and electron microscopy, the major lesion seen in LST peripheral nerves was demyelination. While spirorchiid eggs were seen in peripheral nerves of 8 affected LST, there was no evidence to support a role in the demyelinating lesion. The most likely known microalgal toxin that might contribute to a demyelinating polyneuropathy in LST in Florida is CTX originating from the benthic dinoflagellate Gambierdiscus toxicus. In humans, CTX can cause a demyelinating polyneuropathy with intramyelinic edema or edema between myelin and axon with compression of the axon (Baden et al. 1994) . However, the possible exposure of LST to CTX would not be a wellknown mode of toxin transfer through the food chain. G. toxicus is not a planktonic species and, therefore normally would not be consumed by filter-feeding shellfish that usually comprise the LST diet. If LST were to switch diets, or inadvertently consume large quantities of macroalgae or macrophytes, then there is a possibility that they could be exposed to CTX. While CTX was not detected in loggerhead tissue, it is possible that there are other derivatives of CTX that may not be identified using the preliminary screening methods adopted here.
A novel microalgal toxin yet to be identified may be involved in the neurological disease of LST. Possibly, the affected LST encountered an algal toxin in their prey. In adult and subadult LST, the most common dietary items are crustaceans and molluscs (Dodd 1988 , Bjorndal 1997 . The near lack of these items among the gastrointestinal tracts of the LST in the present investigation may indicate that these turtles had not been feeding normally prior to stranding. However, although cnidarians are more commonly known as a dietary item of smaller-sized LST, subadult and adult LST occasionally feed on cnidarians (Dodd 1988 , Bjorndal 1997 . One of the authors (A.M. Foley) has commonly observed sponges as dietary components of other LST from the Florida Keys. Cnidarians and poriferans were represented in gastrointestinal contents of the LST of the current report, with many containing nematocysts (n = 14), jelly-like flesh (n = 11), or spicules (n = 8).
Heavy metal toxicosis also was considered as a possible cause of the LST neurologic disease, and assays for 15 metals were performed on liver and kidney samples of 9 affected turtles. Because of limited knowledge regarding normal ranges for this species, the results of this study were compared with findings of other studies of essential and nonessential elements in LST (Sakai et al. 1995 , 2000 , Gordon et al. 1998 , Storelli et al. 1998 , Torrent et al. 2004 ). Compared to these studies, tissues from the LST that died prior to the epizootic had noticeably higher values for only 1 element, Pb, which is not surprising in a captive turtle. The liver also showed a slight elevation in Hg above the highest reported values, and the kidney a slight elevation in iron. All other values were either below detectable limits or within previously published ranges. Among the 9 affected turtles that were evaluated, 8 had at least 4 element values (most commonly As, Cr, Hg and Se) in excess of the highest previously published concentrations, with 3 of them having moderately (up to 2-fold) to exceptionally high (up to 14-fold, although 3-to 5-fold is more typical) concentrations for up to 13 metals. Although potential toxicosis was not determinable for most elements, Cd was measured in 8 of the affected LST kidneys at levels greater than the 20 µg g -1 wet wt concentration associated with renal damage in marine mammals (Fujitse et al. 1988) . While renal lesions (Table 1) were noted for a number of the affected LST, lesions consistent with Cd-induced nephrotoxicity (Goyer 1996) were not detected in the kidneys of the LST in this study. Also of concern were essential elements below the lowest published data range. In 2 LST, hepatic copper was below the published range; in 1 of these, the level was also low in the kidney. What constitutes a normal body burden of toxicants for a healthy LST is not yet known, nor do we know the necessary ranges of essential elements required for health. Unfortunately, these gaps in knowledge in combination with the variable elementsets and widely ranging levels found among the individual LST, raise more questions than answers. Still, while there is no indication that metal toxicosis was a primary cause of the epizootic incident, it cannot be ruled out as a secondary health issue.
When the LST with neurological disease were first identified, organophosphate toxicosis was suspected. Cholinesterase assays of plasma of affected turtles were not found to be significantly different from values of normal loggerheads, and this was ruled out as a cause of the clinical signs seen in the LST. Heavy metal toxicosis also was considered as a cause of the LST neurologic disease. While it is not known at what point LST experience overt toxic effects, the findings of the present study failed to clearly implicate any metal(s) as the cause of this epizootic.
In this report, the specific cause of the neurologic disease of LST was not satisfactorily identified. While inflammatory lesions and necrosis seen in the CNS of LST associated with spirorchiid trematode adults and their eggs could have contributed to clinical signs seen in the LST, there is no clear evidence to implicate these parasites as the only cause of this disease and, more specifically, the demyelinating lesion of peripheral nerves seen in affected LST. A neurotoxin-containing microalga was suspected, but our findings failed to implicate a toxin. Perhaps a novel algal toxin, yet to be identified, acted synergistically with the spirorchiid trematodes to cause the neurologic disease seen in these LST.
